I. INTRODUCTION
Three-dimensional (3D) topological Dirac semimetal is a newly discovered quantum matter in which the bulk conduction and valence bands only make contact at the Dirac points in the Brillouin zone and disperse linearly along all three momentum directions around these critical points.
1,2 The 3D Dirac points are not gapped by the spin-orbit interaction and are protected by crystal symmetry. 3 Such an anomalous feature is different from its two-dimensional (2D) analog (graphene), in which a nontrivial gap could be opened due to the spin-orbit coupling, 4 and it would obviously be a source of exotic physical properties in 3D Dirac semimetals. Recently, theoretical physicists predicted that the Dirac semimetals can be classified into type-I and type-II, depending on whether the Lorentz invariance is preserved or not. The type-I Dirac semimetals obey Lorentz invariance, and the massless Dirac fermions with linear dispersions are expected at Dirac points, such as Na 3 Bi 2 and Cd 3 As 2 , 5 etc. For type-II Dirac semimetals, the Lorentz invariance is broken, and the Dirac cones are strongly tilted along certain momentum direction. For example, PtSe 2 , 6,7 PtTe 2 , 8 PdTe 2 , 9,10 etc. are theoretically proposed as type-II Dirac semimetal candidates and will be experimentally confirmed soon. The anisotropic electronic structure in type-II Dirac semimetals can bring many new physical properties, such as anisotropic magnetoresistance (MR), chiral anomaly transport, and topological Lifshitz transitions. [11] [12] [13] Monolayer PtSe 2 is a newly synthesized 2D semiconductor; 14 its exotic spin texture gives an application opportunity in electrically tunable spintronics. 15 The high electron mobility and air-stability of few-layer PtSe 2 devices have attracted interest from researchers for nanoscale electronic applications. 16, 17 Furthermore, the bulk PtSe 2 is theoretically predicted as a candidate of the type-II Dirac semimetal. 6 The anisotropic 3D Dirac cones with the Dirac cone highly tilted along the k z direction in the Brillouin zone are experimentally confirmed by using angle-resolved photoemission spectroscopy. 7, 18 However, the intriguing electrical transport properties of type-II Dirac semimetals are rarely studied. 13, [19] [20] [21] More experimental work is required in this direction.
Planar Hall effect (PHE) is an in-plane version of the conventional Hall effect, which characterizes the transverse voltage in response to the longitudinal current while applying an in-plane magnetic field. PHE is usually observed in ferromagnetic metals as a result of magnetic anisotropic scattering. 22, 23 Recently, the giant PHE has been predicted to appear in topological semimetals due to the chiral anomaly and nontrivial Berry curvature, which may be supported by the additional transport signatures of Weyl and Dirac fermions. 24, 25 The angular dependence of PHE in topological semimetals can be mathematically formulated as in Refs. 24-26, which share the same mathematical forms with the conventional PHE, 47 Te, 48 etc. The observation of PHE in such nonmagnetic materials sheds light on its extraordinary origin. Moreover, the PHE sensors have the high field-sensitivity for nanotesla magnetic field detection. 49 The ultrahigh field-sensitivity can be used to detect the ultralow magnetic moments of cells in-flow that have been immunolabeled with magnetic nanoparticles. 50, 51 Therefore, the PHE study of PtSe 2 is very important not only for fundamental physics but also for applications.
In this work, we report on the planar Hall transport study of PtSe 2 microflakes. The Hall devices of PtSe 2 microflakes are prepared. The magnetotransport properties of the devices are measured at low temperatures. Both anisotropic MR and Hall resistance are studied. While the magnetic field direction changed in the plane that is perpendicular to the sample plane, the anisotropic MR is characterized by the Voigt-Thomson formula, and the Hall resistance solely depends on the normal component of the magnetic field. While the magnetic field lies in the sample plane, the anisotropic MR and Hall resistance are described by Eqs. (1) and (2), demonstrating the existence of PHE in the nonmagnetic PtSe 2 microflakes. The physical mechanisms of the in-plane anisotropic MR and PHE in PtSe 2 micorflakes are further discussed.
II. EXPERIMENT
The high-quality PtSe 2 bulk crystals were purchased from the commercial company (HQ Graphene, The Netherlands).
The structural characterizations of the PtSe 2 crystals can be found in our previous work. 21 By using a mechanical exfoliation method, the PtSe 2 microflakes were transferred onto the silicon substrate covered by 300 nm silica. The Hall devices of the PtSe 2 microflakes were fabricated with standard photolithography and lift-off processes. The electrodes (10 nm Ti/150 nm Au) were deposited using an electron beam evaporation method. The transport properties of the PtSe 2 devices were then measured in a Quantum Design physical property measurement system.
III. RESULTS AND DISCUSSION

A. Experimental results
In this work, we totally measured two PtSe 2 devices. Figure 1 displays the electrical transport properties of the PtSe 2 Hall devices. The insets of Fig. 1(a) show the optical images of the devices, and their parameters are summarized in Table I . The metallic transport behavior of PtSe 2 microflakes is observed in Fig. 1(a) , where the resistance decreased while the temperature decreases. This phenomenon meets to the semimetal nature of PtSe 2 bulk. The residual resistance ratio can be obtained, RRR = R(300 K)/R(2 K) ≈ 4.4 and 5.3, for S1 and S2 respectively; these values are comparable to that of previously reported. 19 Figure 1 MR was observed. There are no signatures of the negative longitudinal MR in the thick PtSe 2 flakes. The inset of Fig. 1(b) shows the Hall resistance R xy against the perpendicular field B at T = 2 K. The positive slope of the R xy -B curve indicates that the holes mainly dominate the transport processes. Then, we could extract the carrier (hole) density of p = 5.3 × 10 20 cm −3 and the carrier mobility of μ = 586 cm 2 V −1 s −1 for our PtSe 2 microflakes. Here, the p-type carrier nature in our PtSe 2 materials is determined by the Seebeck effect. Figure 2 shows the angle θ dependent magnetotransport properties of sample S1, where θ is defined as the angle between magnetic field and current directions in the plane that is perpendicular to the sample plane [the inset of Fig. 2(b) ]. Figure 2 (a) displays the R xx (B = 9 T) as a function of θ at T = 2 K. We can see that the resistance maximum occurred at θ ¼ 90 and 270 , and the resistance minimum located at θ ¼ 0 , 180 , and 360 . As we know, the anisotropic orbital MR of an isotropic system is described by the Voigt-Thomson formula:
. As indicated by the red solid curve in Fig. 2(a) , the measured R xx (θ) can be well fitted by the above equation. This result further confirmed the classical MR origin in our PtSe 2 microflakes. The θ dependent Hall resistance R xy (θ) was also obtained, as shown in Fig. 2(b) . In such geometry, the Hall response solely depends on the normal components (B ? ¼ B sin θ) of the magnetic field. The solid curve in Fig. 2(b) is the fitting result of R xy (θ) / sin θ; remarkably, the experimental data are in agreement with the predictions. It is demonstrated that the usual Hall effect of our PtSe 2 microflakes is related to the extent of Lorentz force in this measurement configuration. Figure 3 shows the angular tuning magnetotransport properties of PtSe 2 microflakes with an in-plane magnetic field. Here, we define w as the angle between magnetic field and current directions in the sample plane [see the inset of Fig. 3(a) ]. We can see that both R xx (B = 9 T) and R xy (B =
where R k ¼R xx (w ¼ 0) and R ? ¼ R xx (w ¼ 90 ). As indicated by red solid curves in Fig. 3 , both R xx (w) and R xy (w) are well fitted by Eqs. (3) and (4), respectively. Here, γ can be interpreted as the geometric ratio of the width (W) to the length (L) of the Hall bar devices. In our experiments, the fitting results gave that γ fit ¼ 1:14 and 1.81 for samples S1 and S2, respectively; these values are close to their geometric ratio γ geo ¼ W=L ¼ 1 (S1) and 2 (S2).
TABLE I. The parameters of the PtSe 2 devices. L is the center-to-center distance between the two electrodes along the current direction, W is the distance between the two Hall electrodes, t is the thickness of the PtSe 2 microflakes, γ is the geometric ratio defined as γ ≡ W/L, and ρ xx is the longitudinal resistivity at room temperature with zero magnetic field. These results demonstrated the existence of PHE in the nonmagnetic PtSe 2 microflakes. Figure 4 presents the field dependence of the PHE in our PtSe 2 microflakes. At the fixed temperature (T = 2 K), R xx (w) and R xy (w) curves of sample S2 at several fixed B values are shown in Figs. 4(a) and 4(b) , respectively. We can see that both longitudinal resistance R xx (w) and planar Hall resistance R xy (w) increase with the magnetic field increase. All curves in Figs. 4(a) and 4(b) can be well described by Eqs. (3) and (4), and the extracted parameters are plotted in Figs. 4(c) and 4(d) . In Fig. 4(c) , it shows the amplitude of ΔR xx (w), that is defined as ΔR W ¼ R ? À R k , as a function of field B. Fitting ΔR W (B) data to a power law of ΔR W / B β , we can extract the parameter β ¼ 1:81 and 1.92 for samples S1 and S2, respectively. Figure 4 (d) displays the extracted γ as a function of field. We can identify that the γ value is nearly independent of the magnetic field. The temperature-dependent PHE is also measured in our PtSe 2 microflakes, as shown in Fig. 5 . In Fig. 5(a) , the resistance oscillation parts ΔR xx (w) ¼ R xx (w) À sin(2w) (R k and R ? are the resistances when w is equal to 0°and 90°, respectively, and γ is a fitting parameter).
Figs. 5(c) and 5(d), respectively. From Fig. 5(c) , we can identify that the PHE signal shows weak temperature dependence below 100 K, and then the oscillation amplitude of R xy nearly linearly decreases when the temperature increases. ΔR W remains quite large and detectable at room temperature. Moreover, the temperature insensitivity of γ is demonstrated in Fig. 5(d) . As mentioned above, γ is also independent of the magnetic field [ Fig. 4(d) ]. Evidently, these results agree with the physical interpretation of γ, since the geometric ratio is independent of both temperature and field.
B. Physical mechanism: Topological
In the following, we will try to understand the physical mechanisms behind the observation of PHE in PtSe 2 microflakes. As we know, the PHE is usually observed in the ferromagnetic materials, such as permalloy, 53 (Ga, Mn)As, 22, 23 56 etc. The widely accepted of PHE origin is from the change of the spin-orbit scattering rate, occurring when the in-plane magnetization direction is tuned with respect to the electrical current. 57 Obviously, this mechanism can be excluded owing to the nonmagnetic nature of the PtSe 2 material.
Recently, the giant PHE has been predicted in the Weyl and Dirac semimetals, which is directly related to the chiral anomaly. 24, 25 While the magnetic field lying in the sample plane and the Lorentz force of carriers is perpendicular to the sample plane, there is no potential difference between the two Hall electrodes for a nonmagnetic material. However, for a Weyl semimetal (the Dirac point can be split into two Weyl nodes with opposite chirality along the magnetic field direction in a Dirac semimetal), a chiral charge pumping from one Weyl node to another with opposite chirality would occur while E Á B = 0. The charge imbalance between two Weyl nodes leads to the PHE in the Weyl semimetals. The theoretically predicted ρ xx and ρ xy have same expressions as Eqs. (1) and (2) . Therefore, the above analysis of PHE data in PtSe 2 microflakes is also suitable for the topological effect in the Dirac semimetals.
The PHE theory of the topological semimetal 24 has been predicted that the chiral resistance ΔR chiral (same as ΔR W ) takes the form of ΔR chiral % τcΓ 2 B 2 e 2 gD 2 in the weak magnetic field regime, where e is the electron charge, g is the density of states at the Fermi energy, D is the diffusion coefficient, τ c is the chiral charge relaxation time, and Γ is a transport coefficient that characterizes the chiral anomaly induced coupling between the electrical and chiral charges in the presence of a magnetic field B. For our experiments, the quantum oscillations are absent in the MR of PtSe 2 microflakes. It demonstrates that the PHE phenomena satisfy the weak magnetic fields' limit, and we, therefore, obtained β ¼ 1:8-1:9 [ Fig. 4(c) ], which is close to the theoretical expected value of 2.
Until now, we can see that the experimental results of our PtSe 2 microflakes can be well interpreted by the topological PHE theory. However, this mechanism is still not applicable to the PtSe 2 microflakes although PtSe 2 material is a type-II Dirac semimetal. The reasons include the following: (i) The chiral anomaly transport properties of the Dirac fermions almost impossible to be observed in the PtSe 2 material due to its Fermi energy being more than 1 eV above the Dirac points; 7, 18 and (ii) the absence of negative longitudinal MR does not support the topological interpretation of PHE in our PtSe 2 microflakes [ Fig. 1(b) ]. Generally, the negative longitudinal MR and PHE should be observed simultaneously with the chiral anomaly mechanism in topological semimetals. 26, 28, 29, 35, 58 Interestingly, the negative longitudinal MR in the ultrathin PtSe 2 flakes has been observed in our previous work. 21 The chiral anomaly properties of Dirac fermions may be emerged in the ultrathin PtSe 2 flakes due to the thickness-tunable metal-to-semiconductor transition; 59 (iii) the parametric plots between R xx and R xy excluded the topological origin of PHE in our PtSe 2 microflakes. Figure 6 shows the parametric plots of our PtSe 2 microflakes by plotting R xx and R xy with angle w as the parameter and with field kept fixed. As demonstrated in Na 3 Bi and GdPtBi, 29 if the PHE is dominated by the chiral anomaly, then we should observe a concentric orbits pattern with increasing field in the parametric plots. By contrast, as field increases, the orbits evolve to form a "shock-wave" pattern (Fig. 6 ). This result excludes the chiral anomaly origin of PHE in the PtSe 2 microflakes.
C. Physical mechanism: Nontopological
As a result, by excluding the magnetic scattering mechanism and chiral anomaly origin, the physical mechanism behind the observed PHE of PtSe 2 microflakes is naturally attributed to the anisotropic MR effect. [60] [61] [62] For a general isotropic conductive system, the isothermal galvanomagnetic behavior can be correctly described by the following vector equation:
where E is the local electric field, J is the local current density, B is the magnetic field, ρ k and ρ ? are resistivities when B k J and B?J, respectively, and μ is the Hall mobility. If suppose the current is along the x axis, J ¼ J 0 0 ð Þ. By defining the angles θ and w (see Fig. 7 ), the magnetic field can be expressed as B ¼ B cos θ cos w B cos θ sin w B sin θ ð Þ . After a few-step simple calculations, we could obtain the expressions of the longitudinal resistivity ρ xx ¼ E x =J and the Hall resistivity ρ xy ¼ E y =J,
First, let θ ¼ 0. That means the magnetic field lies in the sample plane (x-y plane). Then, Eqs. (6) and (7) are reduced to Eqs. (1) and (2) . It means that the PHE can be observed in general isotropic conductive systems with an anisotropic resistivity that is caused by an in-plane magnetic field. The anisotropic MR can be induced by many factors, such as chiral anomaly, spin-orbit scattering, magnetic scattering, the multiband transport, etc. In the PtSe 2 material, many electron and hole pockets are observed at the Fermi level, 6, 7, 18 and the different scattering time of these pockets will lead to the anisotropic orbital MR. Further, the observation of PHE can be realized. Since the orbital MR obeys a B 2 -law, this interpreted the field-dependent PHE amplitude [ Fig. 4(c) ]. Therefore, the simultaneous observation of anisotropic MR and PHE in our PtSe 2 microflakes may be originated from the classical multiband transport effect.
Second, let w ¼ 0. In this case, the magnetic field B is rotated in the x-z plane. Eqs. (6) and (7) can be simplified as
ρ xy ¼ ρ ? μB sin θ:
Obviously, Eq. (8) is the Voigt-Thomson formula, and Eqs. (8) and (9) perfectly interpret our experimental results (Fig. 2) .
Finally, let us make w ¼ π=2. Then, Eq. (6) predicts that ρ xx ; ρ ? when B rotating in the y-z plane. Clearly, this prediction is inconsistent with our experimental results [see Figs. 2(a) and 3(a) and Ref. 13] . The reason is that Eq. (5) is based on isotropy assumption. Actually, for a real material (such as PtSe 2 6 ), both atomic and electronic structures are anisotropic. We, therefore, observed the anisotropic MR while B rotating in the plane that is perpendicular to the current.
IV. CONCLUSION
In conclusion, we studied the planar Hall transport properties of type-II Dirac semimetal PtSe 2 microflakes. The giant Hall resistance was clearly observed while tilting the magnetic field away from the current direction in the sample plane. The remarkable in-plane anisotropic MR is also observed. The angular dependence of longitudinal resistance and planar Hall resistance can be perfectly described by the PHE theory. Since the absence of negative longitudinal MR, we excluded the chiral anomaly origin of the PHE in our PtSe 2 microflakes. Actually, the PHE phenomenon can be observed in a general conductive system with anisotropic resistivity caused by an in-plane magnetic field. Therefore, we believe that the observed anisotropic MR and PHE in PtSe 2 microflakes resulted from their orbital MR. Overall, our study provides insight into the origin and control of PHE in PtSe 2 devices, which may be useful for future PtSe 2 -based planar Hall sensors.
